Abstract: For accurate protein quantification when using quantitative western blot analysis with chemiluminescence reagents, standard curves are needed because of the narrow quantifiable ranges. However, they are often difficult to obtain because authentic proteins are not always available. Here we present our original and convenient method using a sample mixture as a scale to create standard curves. This method allowed us to determine the quantifiable range of target and loading control proteins, making quantitative comparisons among independent blots more reproducible. Our results indicate that using a sample mixture to create standard curves is a practical method that guarantees the accuracy and reproducibility of quantitative western blot analysis. Key words: chemiluminescence, quantitative western blots, standard curve Quantitative western blot analysis with chemiluminescence is often used to compare protein expressions in various biological samples [2] . For precise protein quantification by western blot, linear ranges, i.e., ranges of protein levels linearly related to signals on western blots, have to be confirmed in advance by creating standard/calibration curves because the linear ranges quantified by chemiluminescence are quite narrow [1, 3] . However, authentic proteins for making such curves are not always available. Therefore, it is important to find alternative materials with which to generate the standard curve. In this paper, we propose our original and convenient method using a sample mixture as a scale for creating standard curves for comparative protein quantification using western blots. To the best of our knowledge, sample mixtures have not been utilized for standard curve creation in quantitative western blotting.
Quantitative western blot analysis with chemiluminescence is often used to compare protein expressions in various biological samples [2] . For precise protein quantification by western blot, linear ranges, i.e., ranges of protein levels linearly related to signals on western blots, have to be confirmed in advance by creating standard/calibration curves because the linear ranges quantified by chemiluminescence are quite narrow [1, 3] . However, authentic proteins for making such curves are not always available. Therefore, it is important to find alternative materials with which to generate the standard curve. In this paper, we propose our original and convenient method using a sample mixture as a scale for creating standard curves for comparative protein quantification using western blots. To the best of our knowledge, sample mixtures have not been utilized for standard curve creation in quantitative western blotting.
Luteinizing hormone receptors (LHR) and α-tubulin in mouse ovaries were used as target and loading control proteins, respectively. Ovarian proteins were extracted from ovaries of 4-week-old A/J females using a ReadyPrep® sequential extraction kit (Bio-rad, Hercules, CA, USA). Protein fraction #2 from each ovary was used for western blots. The protein concentration of each sample was measured using an EZQ® protein quantification kit (Invitrogen, Carlsbad, CA, USA). All of the ovarian protein aliquots from each female (a total of 36 females) were mixed and the sample mixture was used to create a standard curve. Protein samples and various volumes of the sample mixture were separated using SDS-PAGE with NuPAGE® 4-12% Bis-Tris gels and NuPAGE® MES SDS Running Buffer (Invitrogen). The proteins -Note-were transferred onto polyvinylidene fl uoride (PVDF) membranes (Pall, Ann Arbor, MI, USA). LHR (~60 kDa) and α-tubulin (~55 kDa) proteins were visualized by immunoblot analysis using a SNAP i.d. Protein Detection System (Millipore, Billerica, MA, USA) with primary antibodies against mouse LHR (sc-26343, goat antibodies, Santa Cruz Biotechnology, Santa Cruz, CA, USA), α-tubulin (rabbit antibodies, Rockland Immunochemicals, Gilbertsville, PA, USA), and horse radish peroxidase (HRP)-conjugated secondary antibodies against goat and rabbit IgG (Jackson ImmunoResearch Laboratories, West Grove, PA, USA). Antibody-bound bands were visualized by chemiluminescence (ECL-plus, GE Healthcare, Buckinghamshire, UK) and images were captured with a charge-coupled device (CCD) camera (LAS-3000, Fujifi lm, Tokyo, Japan). The densitometry of each band was performed using Multigauge V1.0 software (Fujifi lm). The linear ranges for LHR and Band intensity of α-tubulin reached a plateau at 2.5 µl (~3.8 µg protein) of the sample mixture (A). Plots of band intensities versus applied volumes for two molecules indicate that linear ranges for both proteins were less than 2 µl (~3 µg protein). High correlation coeffi cients (R 2 ) confi rmed good linearities for both proteins (B). At 10 µl (~15 µg protein) of the sample mixture, the α-tubulin band was a so-called "ghost" band due to an excess of target protein.
α-tubulin proteins were determined by creating a standard curve based on various volumes of sample mixture (Fig. 1) . The correlation coeffi cients were calculated once good linearities (R 2 values) were found. To ensure reproducibility, two independent assays were performed using the standard curves made from the same sample mixture (Fig. 2) . A set of three samples was measured using two separate quantitative western blots. Standard curves for both proteins were obtained as linear approximations for each blot, using various volumes of the sample mixture. The concentrations of LHR and α-tubulin protein were calculated as relative amounts of the corresponding proteins in the standard mixture using linear approximations for each blot (1 unit=amount of the corresponding protein in 1 µl of the sample mixture). LHR protein levels were normalized with those of α-tubulin proteins. Aliquots from the same tubes of the sample mixture were used for creating standard curves Standard curves from chemiluminescence intensities using various volumes of sample mixture for α-tubulin ( ) and LHR ( ) were created for two independent western blots with the same sample set (three samples per set). (C) Comparison of LHR/α-tubulin ratios for two blots (mean ± SD). Higher similarity was achieved in LHR/α-tubulin ratios between blots (A and B) when the ratios were calculated using relative sample mixture volumes converted by standard curves (Calibrated) than directly with chemiluminescence intensities (Raw).
for all blots in Figs. 1 and 2 .
This method allowed us to determine linear ranges for both target and internal control proteins in quantitative western blots (Fig. 1) . The linear ranges may be different between the two proteins due to the different affinities of the antibodies. With standard curves, reaction conditions can be adjusted so that both target and loading control proteins show similar linear ranges. In addition, out-of-range errors (i.e., saturated immunoreactions) can be determined through standard curve analysis. For instance, the band intensity of α-tubulin in 5 µl of the sample mixture was almost the same as that in 2.5 µl even though the actual amount of α-tubulin in the former lane was twice as much as that in the latter lane (Fig. 1A) . In this study, various amounts of the sample mixture using the same immunoblot conditions were analyzed to determine the linear ranges. Alternatively, the linear range common to both proteins can be found by adjusting immunoblot conditions such as antibody concentrations. The level of target and loading control proteins in the sample mixture can be interpreted as the average protein content of each sample. Therefore, the appropriate volume (i.e., total protein content) of sample for each gel lane for electrophoresis can be estimated so that all of the samples fit within the linear ranges. In practice, however, the volume of each sample should be adjusted to fit within the linear ranges through preliminary experiments prior to performing quantitative western blot analysis.
The protein content of multiple blots can be quantitatively compared by creating standard curves using the same sample mixture for each blot (Fig. 2) . Precise comparisons of protein content among blots are difficult when the content is calculated directly by band intensity without generating a standard curve. This irreproducibility is mainly due to variation in chemiluminescence reactions across blots (Raw in Fig. 2C ). On the other hand, samples can be compared among different blots because the difference in the chemiluminescence reaction is corrected when the values are calculated based on the standard curve for each blot (Calibrated in Fig. 2C ). When the supply of sample mixture is depleted, a newly prepared sample mixture can be used in the same experiment if the results are compared and normalized by generating a new standard curve. Thus, the standard mixture is a useful tool for generating an accurate standard curve for measuring protein expression.
Although a standard curve based on a sample mixture cannot determine absolute protein concentration as can a standard curve based on authentic proteins, it is a practical tool for comparing the protein expressions of multiple samples via western blot analysis. Moreover, generating a standard curve based on a sample mixture is uncomplicated because authentic/standard proteins are not needed. Thus, we propose that sample mixtures can be used as an alternative to authentic/standard proteins to determine the linear range of standard curves for western blot quantification. In experiments using laboratory animals, researchers are required to obtain comparable amounts of information from fewer animals. With our method described here, protein quantification in animal samples would be more accurate and reproducible, resulting in better data acquisition with reduced animal testing.
